Abstract-This paper presents a lumped-parameter thermal model for a multi-barrier interior PM synchronous machine. The model consists of a network of 12 thermal resistances that make it possible to estimate temperatures at 9 critical points inside the machine including the stator end windings, rotor magnets, and the bearings. The details of the model are presented and two machines are analyzed, including a 6 kW 12-pole automotive starter/alternator and a 0.5 kW 4-pole electric water pump machine. The lumped-parameter model results for both machines demonstrate good agreement with results obtained using detailed thermal finite element analysis.
I. INTRODUCTION

I
NTEREST in interior permanent magnet (IPM) synchronous machines has been growing during recent years for a variety of new industrial, commercial, and transportation applications. IPM machines have several attractive characteristics for these applications, including brushless design, high efficiency, high torque/power density, and wide constant-power speed range. One of the application areas where there has been particular interest in these machines is automotive propulsion and accessories. IPM machines are already used in production hybrid electric vehicles such as the Toyota Prius, and they are being evaluated for other critical applications including direct-drive starter/alternator machines (see Fig. 1 ) [1] .
The design of IPM machines requires that thermal constraints be met in the process of meeting electromechanical torque and power specifications. The automobile presents particularly challenging thermal requirements since under-the-hood temperatures can rise to 150 degC or higher.
Monte Carlo optimization has proven to be an effective tool for designing IPM machines to minimize their cost while meeting a combination of performance and environmental constraints [2] . However, Monte Carlo optimization requires that very large numbers of candidate machine designs-often numbering in the millions-be rapidly evaluated to determine their performance and thermal characteristics. These thermal calculations are complicated by the fact that three-dimensional analysis is required to determine machine temperatures at key points such as the end windings that often are the hottest elements in the machine. Evaluation of each candidate machine's thermal performance using finite element analysis (FEA) is invariably too time-consuming to be acceptable, even with modern computing equipment. Lumped-parameter thermal models provide an appealing means of estimating the key temperatures inside an electrical machine much more rapidly than with FEA, albeit with some loss in estimation accuracy. The majority of reported work to date on electrical machine lumped-parameter thermal models has addressed induction machines [3] - [6] or wound field synchronous machines [7] . Some of these models are quite sophisticated with a high number of nodes that require detailed information about the machine's construction in order to properly evaluate.
There have been a smaller number of reports describing lumped-parameter models for permanent magnet synchronous machines. Such a model is presented in [8] for a surface-mounted magnet machine. Lumped-parameter thermal analysis is also used in [9] to optimize the design of another special class of PM synchronous machine in which the magnets are inset along the rotor periphery.
More recent work by Lindström and Luomi [10] presents a detailed lumped-parameter thermal model for a surface-mounted water-cooled permanent magnet machine that can be used for both steady-state and transient analysis. Although the three-dimensional nature of the machine construction is captured by this model, the number of discrete thermal nodes has been reduced to less than 10. Such streamlining of the model makes it possible to focus attention on the temperatures of key points inside the machine including the rotor magnets and end windings while limiting model complexity.
This paper presents a modified version of the lumped-parameter model described in [10] for thermal analysis of a multi-barrier interior permanent magnet machine. This model has been specifically developed and exercised for steady-state thermal analysis of water-cooled IPM machines with two magnet barriers per pole as shown in Fig. 1 . However, the model can be flexibly extended to higher or lower numbers of magnet barriers and other machine cooling methods.
Results are presented in this paper from applying this lumped-parameter thermal model to two different IPM machines designed for automotive applications-a 6 kW direct-drive starter/alternator and a 0.5 kW electric water pump. Confidence in the validity of this model is established by comparing its predictions with those of finite-element analyses that were carried out for the same machines.
II. THERMAL MODEL DETAILS
A. Thermal Model Equivalent Circuit
The 6 kW IPM starter/alternator machine referenced in the Introduction [1] will be used as the basis for presenting the details of this lumped-parameter thermal model. Fig. 2 shows the cross section of one pole of this 12-pole machine with identification of all the key radii and angles that will be used in deriving the elements of the model.
The thermal model equivalent circuit is shown in Fig. 3 , consisting of a 10-node network that captures all key machine temperatures. This network has been designed to provide access to all key elements inside the machine, making it possible, for example, to inject losses individually into each of the two magnet layers.
Since both surface and interior PM machines have essentially identical stator structures, the thermal model in Fig. 3 differs from that developed in [10] only in regards to the rotor model. More specifically, the only thermal resistances that will be different in this model are , , and . Detailed expressions for evaluating all of the other thermal resistances in Fig. 3 can be found in [10] and are not repeated here. One of the basic assumptions of this model is that the liquid cooling jacket surrounding the stator core is sufficiently effective to apply an isothermal constraint over the complete stator core surface. Losses can then be injected as currents into any combination of the network nodes in order to determine the temperature (voltage) rise of each machine section with respect to the coolant temperature . Key components in the IPM machine whose temperatures are of particular interest for design evaluation include the stator windings and rotor magnets. Two separate nodes are assigned to the stator windings, making it possible to separately estimate the temperatures of the coil sides embedded in the stator core and the end windings. The end windings experience the highest temperature rise of any machine section for both IPM machines analyzed in this paper. Since the rotor magnets are vulnerable to irreversible demagnetization at high temperatures, separate network nodes are allocated to each of the two magnet layers in order to estimate their temperatures.
Network nodes are also assigned to the stator frame, the stator yoke and the bearings to complete the model.
B. Calculation of Rotor Thermal Resistances
An approximate geometry for the IPM machine rotor is adopted as shown in Fig. 4 to simplify the calculations of the rotor thermal resistances. Based on the observation that heat flow in the actual rotor is principally radial in direction, the approximate geometry is designed so that rotor temperature varies only as a function of radius and not angle. The validity of this assumption and the adopted mapping have been confirmed by detailed finite element analyses presented in Section III. More specifically, the geometrical mapping from Figs. 2-4 consists of replacing the trough-shaped magnets with cylindrical segments. Since the two key parameters governing the magnet radial thermal resistances are their thicknesses and angular spans in the circumferential direction [11] , both are preserved in this mapping. The radial positions of the magnets in the approximate geometry match the radii of the central magnet cavity sections in Fig. 2 (e.g.,  , ). The two network nodes representing the magnets in Fig. 3 were chosen at the radial midpoints of the two magnet cavities in Fig. 4 (i.e, and ). Thus, the thermal resistances interconnecting these radial nodes consists of series-parallel combinations of resistances for the numbered cylindrical sections.
The general equation for calculating the radial thermal resistance of a cylindrical section is [11] : (1) where is the outer radius, is the inner radius, is the thermal conductivity, is the number of pole pairs, is the angular span, and is the active length of the machine.
1) Calculation of :
The thermal resistance (see Fig. 5 ) consists of a series combination of three resistances: (2) where is the rotor radial thermal resistance between radii and in Fig. 4 , represents the thermal resistance of the motor bearings between the rotor shaft and the frame, and provides the thermal resistance contribution of the axial rotor shaft including the contact resistances at the shaft/bearing and shaft/rotor core interfaces.
All of the individual thermal resistances for the cylindrical sections that contribute to are calculated using (1) . The parameters defining each of these resistances are summarized in Table I . Note that the names of these thermal resistances correspond to the numbered sections in Fig. 4 . (The trailing in each name indicates that they are all radial thermal resistances).
In Table I , is the thermal conductivity of the rotor steel (51 W/mK), and is the thermal conductivity of the neodymium-iron magnets (9 W/mK). is calculated using the Fig. 6 circuit, as follows: (3) where (4) and (5) No changes were made to the approach developed by Lindström [10] to model the thermal impedance contributions of the bearings, the axial rotor shaft, and the contact resistances. The interested reader is referred to this earlier work for more details regarding the thermal modeling of these elements. Ball bearings were assumed and a model is provided in [10] to characterize the radial thermal impedance between the bearing races as a function of rotor speed.
2) Calculation of : A similar procedure is used to calculate which is the equivalent radial thermal resistance of the rotor between the midpoint radii of the two magnets ( and in Fig. 4) . As in the case of discussed above, all of the thermal resistances constituting are calculated using (1). The names and parameters defining these resistances are summarized in Table II. Using the equivalent circuit shown in Fig. 6 and resistances listed in Table II, can be calculated as follows:
where
3) Calculation of : The same procedure is used to calculate which is the equivalent radial thermal resistance of the rotor portion between the midpoint radius of the upper magnet ( in Fig. 4 ) and the rotor surface. All the thermal resistances constituting are calculated using (1) . The names and parameters of these resistances are summarized in Table III .
Using the equivalent circuit in Fig. 7 and the resistances listed in Table III, can be calculated as follows: 
C. Node Temperature Calculations
For steady-state thermal analysis, the temperature rise of the Fig. 3 network nodes relative to the reference node can be calculated as follows: (11) where is the power loss vector containing the losses at each node and is the temperature rise vector. The thermal resistances of the Fig. 3 model are used to generate the 10 10 thermal conductance matrix which is defined as:
where the th diagonal element is the sum of the network conductances connected to node , and is the negative of the thermal conductance between nodes and . An iterative process is generally required to solve for the temperature rise vector because one or more of the conductance matrix components are functions of temperature [10] .
III. FINITE ELEMENT ANALYSIS MODEL EVALUATION
In order to evaluate the model, two different interior PM machines were analyzed using both the lumped-parameter model and thermal finite element analysis (FEA), and the results were then compared. One of the machines is a 6 kW, 6000 r/min direct-drive automotive starter-alternator (S/A) machine [1] and the other is a 0.5 kW, 5000 r/min IPM machine designed for an electric water pump application [12] . The key dimensions and ratings of both machines are included in Table VI in the Appendix. The ratings and physical dimensions of these machines are sufficiently different to provide a sound basis for evaluating the thermal model.
In both cases, the calculated losses of the machines [2] under specified operating conditions were used as the thermal model inputs. These operating point losses are tabulated in Table VII in the Appendix. The three major sources of losses are stator winding losses, stator core losses, and slot-induced harmonic losses in the rotor. Mechanical losses including windage and friction are generally small in comparison to these other loss components [13] and were not included in this analysis.
The stator winding losses are calculated using the operating point rms phase current values and the predicted phase resistances. The phase resistances are calculated from the basic machine dimensions and winding configuration. The core loss model includes both hysteresis and eddy-current iron loss components. Core losses are calculated as a function of magnetic flux density and excitation frequency using a Steinmetz equation approach [14] . The method for calculating the slot-induced harmonic core losses follows the approach outlined in [14] directly.
Since the analytical model does not provide a detailed localization of the rotor losses, a worst-case assumption was adopted by concentrating all of the rotor losses in the two magnet layers (50% in each). Bearing losses are included explicitly in the analysis, and the model adopted to calculate these losses can be found in [10] .
A. Starter/Alternator Thermal Analysis Results
The complete cross-section of this 12-pole machine is shown in Fig. 1 while the cross-section of a single pole is provided in Fig. 8 . The operating point selected for this thermal model evaluation is 4 kW generating at 600 r/min which corresponds to maximum machine losses, and, hence, maximum expected temperature rise.
The thermal FEA for this machine was performed using two commercial 2-dimensional packages, Flux2D (Magsoft) and ThermNet (Infolytica). The coolant temperature is assumed to be 65 . Since the FEA results using Flux2D and ThermNet were almost identical, only the ThermNet results are shown in Fig. 9 .
The predicted temperature results using both the model and FEA are summarized in Table IV . The temperature difference between the two magnet layers was so small that only one magnet temperature is included in this table.
Since 2-dimensional FEA packages were used, the predicted temperatures of the end windings and bearings could not be conveniently evaluated via FEA. Nevertheless, there is reason for confidence in these predictions based on the previous work of Lindström [10] . The model adopted here for the end windings comes directly from this earlier work that experimentally validated the end winding temperatures for a surface PM syn- chronous machine. Sensitivity analysis has shown that the temperature of the end windings is mainly affected by the values of stator-side thermal resistances , , and . Since the stator structure of the surface PM synchronous machine and the interior PM synchronous machine is the same, the verification results presented in [10] provide a basis for confidence in the predicted end winding temperatures presented here.
The temperature predictions using the lumped-parameter model and the FEA are within 7 degC or less for all of the key nodes for which comparisons are possible. Subsequent investigation has revealed that the magnet temperature difference is caused by the fact that shaft heat flow is not accounted for in the 2-D FEA. The demonstrated level of agreement builds confidence in the usefulness of the model for initial IPM machine design evaluations.
B. Electric Water Pump Thermal Analysis Results
A cross-section of the 0.5 kW, 5000 r/min electric water pump IPM machine is provided in Fig. 10 . FEA results using Flux2D are shown in Fig. 11 for rated operation with a coolant temper- 
IV. IPM MACHINE DESIGN OPTIMIZATION PROCESS
As noted in the Introduction, the intended purpose of the new lumped-parameter thermal model is to provide fast predictions of internal IPM machine temperatures as part of an iterative Monte Carlo design optimization algorithm.
A simplified flowchart for this design process is shown in Fig. 12 . As indicated in this figure, a candidate machine design is first evaluated against the electrical performance specifications. If it meets these requirements, the thermal model is used to predict the temperatures of the stator windings and magnets to determine whether they exceed their limits. Any candidate design that does not meet these thermal requirements is rejected.
By evaluating a sufficiently large number of randomly-generated candidate design, the small percentage of designs that successfully meet both the performance and thermal requirements can then be compared to choose the "optimal" design. Although minimum cost is the principal optimization objective for automotive applications, a range of other metrics (e.g., efficiency, weight) can also be used for other applications.
V. MODEL MODIFICATIONS AND EXTENSIONS
The lumped parameter model discussed in this paper is quite flexible, making it possible to modify and extend it for other applications. Some of possibilities include: 1) Convection Cooling. The model can be readily adapted for natural or forced-air convention cooling by recalculating in Fig. 3 using convection-based heat transfer expressions [11] to replace the combination of conduction and convection expressions [10] used for water cooling. 2) Magnet Layer Number. The same procedure described in this paper can be used to either increase the number of rotor magnet layers to more than two or to reduce it to a single layer. 3) Transient Thermal Analysis. A third possibility is to extend this lumped-parameter thermal model for transient thermal analysis. The approach for calculating the necessary thermal capacitances can be found in [10] .
VI. CONCLUSIONS
A lumped-parameter thermal model for multi-barrier IPM synchronous machine has been presented that makes it possible to predict the temperatures of key points inside the machine including the stator windings and the rotor magnets. By reducing the number of model nodes to ten, this model strikes an appealing balance between prediction accuracy and model complexity, making this model attractive for initial machine design evaluations.
Results have been presented for two IPM machine designs comparing the thermal predictions of the lumped-parameter model and two-dimensional finite element analysis. The agreement between the thermal predictions provided by the two analytical techniques is quite good, raising confidence in the usefulness of the lumped-parameter model for evaluating new IPM machine designs.
APPENDIX
See Tables VI and VII. 
